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The Higgs sector may play an important role in detecting the mirror particles, which can be 
the candidates of the dark matter and appear as missing energy in the detectors at the LHC. In 
this paper we worked out the Higgs boson spectrum and the Higgs couplings for the symmetric 
vacuum, namely Vi = v% = v, in the mirror model, and investigated the constraints from electro- 
weak precision observable (EWPO). Our study showed that the EWPO has already constrained the 
Higgs boson sector severely. We then explored the Higgs boson phenomenology, and focused on the 
scenario that the heavier Higgs boson H can decay into a pair of lighter Higgs boson h. We proposed 
to study the invisible decay of the Higgs boson via the pair production of them, in which one Higgs 
boson decays into bottom quarks and the other decays invisibly. Our detail simulation for signals 
and backgrounds showed that the observation of signal can reach 5<r significance for ran = 260 GeV 
and mh = 115 GeV with 10/b -1 integrated luminosity at the LHC. Moreover the possible method 
to further suppress dominant Zbb background was discussed. We also simulated the signals and 
backgrounds for H — > hh — > 46. Our results showed that it is very difficult to isolate the signals 
from huge QCD continuum backgrounds. 

PACS numbers: 12.60.Fr, 12.80.Bn, 14.80.Cp 



I. INTRODUCTION 

Why only the left-handed fcrmions can feel weak inter- 
action, while the right-handed fcrmions can't, is a long- 
standing fundamental question in the standard model 
(SM) of particle physics. Basically speaking there are two 
category models to solve this issue. The first ones are the 
so-called left-right symmetric models, in which the SU(2) 
singlet right-handed fermions in the SM are assumed to 
involve the new gauge interaction. Many models of this 
kind have been constructed based on the minimal gauge 
group SU(2)l <8> 5(7(2) » (g> U(1)b-l since the seventies 
in the last century [l|, |2(. The second ones are mirror 
models, in which the usual SM fermions and/or gauge 
boson are accompanied by the mirror partners, similar 
to the case in the supersymmetric models. This idea was 
first proposed by Lee and Yang in 1956 Based on this 
naive conjecture, many models were constructed. An ex- 
cellent extensive review on this subject can be found in 
Rcf. [J. One of the advantages of the left-right sym- 
metric models is that parity can be restored at higher 
energy. However the parity restoration scale has been 
pushed higher and higher, namely up to several TeVs 
because of severe constraints from the precise measure- 
ments of the low energy experiments, for example from 
the measurement of A'o — A'o mixing. 

In this paper we will consider the mirror models. Be- 
sides providing a way to understand parity restoration, 
the mirror particles in the mirror models can provide 
natural candidates for the dark matter. It is well known 
that the SM can provide an excellent description for par- 
ticle experiments at energies so far probed. But it can 
not give any explanation for dark matter. Thus peo- 
ple expect that new physics beyond the SM can provide 
a natural candidate for the dark matter. At present, 
the most popular candidate for the (thermal-produced) 



dark matter is the so-called weakly-interacting-massive- 
particle (WIMP). There are some popular candidates 
for WIMPs, for example lightest supersymmetric parti- 
cle(LSP), axion and lightest Kaluza-Klein particle (LKP) 
in universal extra dimension models etc. However the 
new observations of dwarf spheroidal galaxies seem in- 
dicate that non-cold dark matter (e.g. sterile neutrino! 
needs to be considered seriously @. Mirror models @ 
can also give this kind of candidate for dark matter. 

Besides the cosmological evidences, we need also inputs 
from collider experiments, for example the Large Hadron 
Collider (LHC) and International Linear Collider(ILC), 
in order to reach the decisive conclusions on the proper- 
ties of dark matter. The basic assumption here is that 
the dark matter should couple to usual SM matter. In 
mirror models mirror particles can couple to ordinary 
particles through three kinds of rcnormalizablc gauge in- 
variant interactions. The first possibility is through neu- 
trino mixing if the SM right-handed neutrino, as well as 
the corresponding mirror fields, are introduced. If neu- 
trinos have masses, then the mixing between ordinary 
and mirror neutrinos is possible. The discussion of this 
possibility can be found in Ref. 0] • The other two possi- 
bilities are 'kinetic mixing' and 'scalar mixing', expressed 
as 



L m ix — £F^ 



(1) 



with F' and cj>2 the mirror fields of usual U(l) gauge and 
Higgs fields respectively in the SM. In Eq. [TJ F^F'^ 
will give electric charge to mirror quarks and leptons. 
Because QED has been tested very precisely, the mixing 
parameter e is severely constrained to be extremely small 
[1, S El , which should play a negligible role at LHC and 
ILC. The same conclusion applies also to the neutrino 
mixing case. Thus in this paper we will concentrate on 
the third possibility: scalar mixing. 
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As indicated in Eq. [TJ mirror Higgs fa can couple 
to ordinary SM Higgs fa through renormalizablc gauge 
invariant term r)cj)\4>ifa\fa with r\ the dimensionless free 
parameter. After electroweak symmetry spontaneously 
breaking, there remain two physical Higgs bosons. Each 
Higgs boson is the mixture state of SM and mirror Higgs 
fields. As a consequence, each Higgs boson will couple 
to both usual SM and mirror particles. So our primary 
interest in this paper is to investigate the mirror particle 
effects on the Higgs sector. The generic feature of Higgs 
boson is that Higgs boson can decay invisibly, i.e. into 
mirror particles. Such invisible decay can be searched 
in all production modes [l2|, [H| , and the promising ones 
are associated production with Z boson qq — > HZ , or 
through gauge boson fusion processes VV — > H, as well 
as associated production with top quark pairs etc. 

In this paper we will focus on a new mode to search 
for the Higgs boson invisible decay at LHC, i.e. gg — > 
H — > hh — > bb + mirror particles. Here H and h are the 
heavier and lighter Higgs boson in mirror model (see sec- 
tion II). The mirror particles will appear as the missing 
energy in the detectors. The advantage of this process is 
that light H can be produced copiously due to the gluon- 
gluon high luminosity. It is obvious that ma is required 
to be larger than 2mh in order to obtain large produc- 
tion rate. As shown below (section III), ran > 2m^ is al- 
lowed in the mirror model after imposing the constraints 
from electro- weak precision observable. In the mirror 
model, the coupling strength of H-h-h is proportional to 
inn 2 + 2rrih 2 (section II), and the partial decay width of 
the mode H — ► hh can be even larger than those that 
into gauge bosons. Thus this process can be a promising 
channel to study the mirror model. In this paper we will 
also study the signals and backgrounds for the process 
gg — » H — » hh — > bb + bb. Our study shows that it is a 
challenge to observe this process due to the huge QCD 
backgrounds. 

The paper is organized as following. In section II we 
briefly describe the mirror model, and work out the Higgs 
boson spectrum and interactions. In section III we in- 
vestigate the constraints from electro- weak precision ob- 
scrvables utilizing the S, T parametrization. In section 
IV we show the main results for the Higgs boson decays 
and main production channels. Section V contains the 
detail simulation for the signals and backgrounds for the 
process gg — > H — > hh — > bb + mirror particles and 
gg — > H — > hh — > bb + bb. The last section is allocated to 
discussions and conclusions. 



II. MIRROR MODEL 

In this section we briefly describe the mirror model 
(for full details to sec Ref. [Hj]). In the quantum field 
theory, the usual parity translation takes f to —f and 
t to t. In the left-right symmetric models parity is ex- 
tended to a new type Zi discrete symmetry which trans- 
forms the left-handed field to the right-handed one for 



the same fermion. Besides fermion sector, under such 
Z2 the SM SU(2)l weak gauge boson fields transform 
to the new SU(2)r gauge bosons and vice versa. How- 
ever such discrete symmetry is not solely fixed. Under 
Z2, the left-handed sector of fermion field can trans- 
form to the right-handed sector of different fermion field, 
namely the mirror fermion field. Based on this observa- 
tion, one can extend the SM by doubling the ordinary 
fermion, gauge and Higgs fields [l4|. Thus the new mir- 
ror fermions are natural singlets of the SM gauge group, 
and they (nucleus if there exists mirror SU(3)c) can 
be the candidates for the dark matter. The minimal 
gauge group of the new mirror model is Gsm <8 G' = 
SU(3) ® SU(2) <g) U(l) <g> SU{3)' <g> SU(2)' ® U(l)'. The 
gauge quantum numbers under Gsm ® G' for the usual 
and mirror fermion fields are 
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with i the family index. 

The Z2 parity symmetry that we define now is 



r<^-r,t<^t, G^^G'^ , W" <-> W^, B» <-> B'^ 
L L *-> L' R , e R «-> e' L , Q L <-> Q' R , u R u' L ,d R d' L . 

One of the advantages of this model, as we discussed 
above, is that there are natural candidates of non- 
baryonic dark matter in addition to restore parity @ . It 
was shown [f| that this model does not contradict with 
the astrophysical and cosmological observations. 

In the following we focus on the Higgs sector of this 
mirror model. There are two Higgs fields fa and fa, 
which arc doublets under SU{2) and SU{2)' respectively. 
One assumes that the Higgs potential is invariant under 
the discrete symmetry fa — * fa to keep the parity in a 
broader sense. The Higgs potential is very simply given 
by 

v(fa,fa) = -fi 2 (4fa + 4fa)+\(4fa + 4fay 

+ n4<t>i4fo- ( 2 ) 

After electro- weak symmetry breaking, the Higgs fields 
can be written as 

* = (^(t* + ^+*))' (3) 

where 4iXi are Goldstone bosons, which will be ab- 
sorbed by corresponding gauge fields. The vacuum may 
not be invariant under Zi transformation although the 



3 



Higgs potential is invariant under this discrete transfor- 
mation. In fact there are two ways of spontaneous sym- 
metry breaking, depending on the choice of the sign of rj 
[lH . We will discuss these two cases separately below. 

1. 77 < 0. 

In this case, vacuum is invariant under transforma- 
tion 4>\ <r-¥ <t>2. 



2n 2 



AX 



(4) 



The Lagrangian of triple interaction of Higgs bosons, 
which we arc interested in, is given by 



dint — uoHh 2 
y/2i 



2m 2 h 



(12) 
(13) 



The other triple and quadruple Higgs interactions can be 
inferred from the potential easily which are not shown 
here. 

Thus, if kinematically allowed, H — > hh decay width 
can be expressed as 



Wc define Higgs boson mass cigenstates as H, h (in 
this paper we assume H is heavier than h), 



H 2 = l=(H-h). 



(5) 
(6) 



T(H -► hh) = 



&irm 2 H 



Am 2 h 



' H 



(14) 



From Eqs. [TBI and [T4"l we can see that the large decay 
width is possible for the favorable parameters. 



The Higgs boson mass can be expressed as 

m% = {A\ + V )v 2 (7) 
ml = - V v 2 . (8) 



Obviously there must be rj < 0, which is coincide 
with the condition of minimizing Higgs potential. 

2. i] > 0. 

For this case, if we require the minimum of Higgs 
potential is stable, then 



2 A* 2 n 
Wi = — ,v 2 = 0. 



The Higgs boson masses are 



(9) 
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III. CONSTRAINTS FROM ELECTRO- WEAK 
PRECISION OBSERVABLE 

Current electro-weak precision observable (EWPO) 
can give constraints on the physics beyond the SM. A 
widely used set of parameters are S,T and U [l|j|. Such 
parametrization assumes that the new physics contri- 
butions arise only from propagators of the electro-weak 
gauge bosons, namely the oblique corrections [lsf . The 
mirror model belongs to this case. 

We calculate the Higgs bosons contributions to S 7 T 
parameters in the mirror model. Here we do not consider 
U parameter because U is very small in general. 

We give our results as following 

S = lj[SsAi{m h ) + S S M{m H )} - S S M{m ref ) (15) 
T = -\T SM (m h ) + T S Ai(m H )} - T SM {ni re f) (16) 
where Oil 



It seems that all the mirror particles must be mass- 
less. However mirror particle can obtain tiny mass 
through mirror QCD condensation fill Il7l] . but we 
don't discuss this case further in this paper. 

In this paper we only consider the first case, i.e. the 
vacuum is invariant under Zi parity transformation. It 
should be noted that the Z 2 discrete symmetry of Higgs 
potential may be broken by small term. Such term will 
lead to very different effect [lfj. 

In order to study the phenomenology of this model, we 
choose the Higgs boson masses m#, as inputs, so 
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will be modified as (taking bottom quark as an example) 

Br(h -> 66) 

T(h -> 66) 



T(h -> SAf) + r(ft -> Mirror) 
\Br{h SM -> 66), (20) 
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FIG. 1: The ellipses indicate the regions in the S, T plane 
which are allowed by EWPO at la (68%) and 2a (95%) level 
respectively [20] . Three curves represent three different 
at 115, 150 and 200 GeV, and m H increases from 100 ~ 1000 
GeV for each curve. 

The numerical results of S and T are shown in Fig. [T] 
From the figure we can see that EWPO has already con- 
strained the Higgs boson masses severely, similar to the 
SM case. However there is much freedom than that of the 
SM. For example, if we fix m h = 115GeV, the 95% CL 
upper limit of m# can approach about 300 GeV. In the 
following numerical evaluation we choose m# = 260GeV 
and mh = 115GeV as our benchmark point, except indi- 
cated otherwise. 



IV. HIGGS BOSON PHENOMENOLOGY 

In order to discuss the Higgs boson phenomenology, it 
is convenient to divide parameters into: (1) tuh < 2m/,, 
namely H can't decay into a pair of h, and (2) m# > 
2m h . 



A. Higgs Boson Decay 

As mentioned above, each Higgs boson (h and H) is 
the mixture state of the ordinary and the mirror Higgs 
fields. As a consequence, each Higgs boson can decay 
into both ordinary and mirror fermions, gauge bosons if 
kinematically allowed. In the specific model discussed in 
this paper, the branching ratio of the lighter Higgs boson 
h decaying into SM particles (fermions and gauge bosons) 



where Br(hsM — » 66) represents branching ratio of the 
SM Higgs boson decaying into bottom quarks. The ex- 
pressions for h decaying into mirror particles are the same 
with those into ordinary SM particles. 

The branching ratios of the heavier Higgs boson H are 
the same with those of h in Eq. [20] for the case (1), in 
which H — > hh is kinematically forbidden. Note that we 
omit here the tiny three body decay of H — > hh* — ► hf f. 
However for case (2), H — > hh is allowed. The formula 
for the branching ratios of Br(H — ► hh) and Br(H — > 66) 
are 

Br(H -> hh) [Br(H -> 66)] 

T(H -> hh) [V(H -► 66)] 
T(H SM) + T(H -> Mirror) + T(H hh) 
T(H -» hh) [T(H -> 66)] 



2T(H -> SM) + T(H -> hh) ' 



(21) 



In Fig. [21 we show the branching ratios of H to ti, 
W + W~ , ZZ and hh as a function of mj? with mh = 115 
GeV. From the figure it is obvious the branching ratio of 
H — > hh is larger than that of Br(H — ► ZZ) and sizable 
once it is kinematically allowed. Note that Hhh coupling 
is proportional to m\ + 2m?. 

If H can decay into a pair of Z boson, it is not diffi- 
cult to find such kind Higgs boson via the 'golden' mode 
with 4 charged lepton final states. However in the mirror 
model the branching ratio of H —> ZZ can be lower than 
20%, much higher luminosity than that of SM is needed 
to find such kind of the Higgs boson. 




200 250 



300 350 400 
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FIG. 2: Branching ratios of H as a function of tuh, where 
m h = 115GeV. 
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B. Higgs Boson Production 

In the specific model we discussed in this paper, the 
production rate of single Higgs boson h (H) at colliders 
is only half of that in the SM. Similar to the SM, the 
main production channels at the LHC are gg — > h(H) 
or qq' -> h(H)V with V = (W,Z). For the light 
Higgs boson, another important production processes are 
99, QQ ~~ > tih(H). If the mass difference of two Higgs 
bosons h and H is larger than that of detector mass res- 
olution, we may discover two separate mass peaks out of 
continuum backgrounds with the much higher luminos- 
ity compared to that in the SM. Note that the branching 
ratio of h to the SM particles, as shown in the last subsec- 
tion, is only half of that of SM. Similarly more luminosity 
is needed in order to measure the properties of the Higgs 
bosons. 

In order to investigate the triple and quadruple cou- 
plings among Higgs bosons, it is necessary to study the 
pair production of Higgs bosons. In the mirror model, 
there are three combinations of the Higgs boson pair, i.e. 
hh, hH and HH. For case (1) it is hard to investigate 
such signatures at the LHC due to the low production 
rate, similar to that of the SM. 

For case (2), hh production can be enhanced due to 
the s-channcl H resonance. Thus the Higgs boson pair 
hh production rate can be much larger than that of case 
(1). Such enhancement provides one promising way to 
study the mirror model. We will focus on this scenario 
in the following subsection. 

In Fig. [3] and Fig. 0] we show the cross sections for 
the single H and hh pair production as a function of mu- 
From the figures it is obvious that the hh pair production 
can easily reach several hundred of femtobarns. 




200 250 300 350 400 450 500 
Mass of H (GeV) 

FIG. 3: Cross sections of gg — > H as a function of ran at the 
LHC. 

In literature there are extensive investigations on pro- 
cesses H — > hh — > light quarks and/or leptons and/or 
77 [Hi HI, [H, [H, [25|], where h represents light scalar 
or pseudoscalar. If h is heavy enough, the channel of 
H — ► hh — > AW would open [26[ . However such scenario 
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Mass of H (GeV) 

FIG. 4: Cross sections [in pb] of gg — > H — > hh as a function 
of m H at the LHC,where m h = 100, 115, 130, 150 and 180 
GeV from top to bottom . 

is not favored by the precision data, as shown in section 
III. In the mirror model, in order to maintain the sig- 
nal rate, we require that one lighter Higgs boson h decay 
into 66, and the other lighter Higgs boson has many de- 
cay modes. In this paper we focus on two modes: (1) h 
decays into mirror particles which has the largest branch- 
ing ratio of 50%; and (2) h decays into 66 which has the 
second largest branching ratio, larger than that of l + l~ 
or 77 etc. 

It should be mentioned the other possible channel, 
namely qq' — > V + H — * I + 46, which can also be utilized 
to study H — » hh [22j. As shown in Ref. [2^|, for light 
Higgs boson with the mass around 100 GeV, this process 
may provide a clean signature out of the backgrounds. 
But for rriH = 260 GeV, there are large background from 
gg — > tt with tt — > I + 26 + 2j, and from light quark jets 
with two of them misidentifying as b jets. 



V. DETAIL SIMULATIONS 

In this section, we will simulate the signals and back- 
grounds for the process gg — > H — > hh choosing tuh = 
260GcV and mh = 115GcV as the typical parameters. 
We utilize Madgraph/MadEvent 4.1.27 [27[ and Pythia 
6.4.11 [28| to simulate the backgrounds and signals at the 
LHC with the CTEQ5L PDF set. We ignore initial and 
final QCD and QED radiation corrections. For the sake 
of simplicity, we assume the b-tagging efficiency of 50% 
and mis-tagging efficiencies for c, g and light quarks of 
10% , 1% and 1%, respectively 



A. gg — > H — > hh — > bb + Mirror Particles 

In the mirror model, the largest branching ratio of h 
is the decay into mirror particles. Because the mirror 
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particles appear as the missing energy at colliders, such 
decaying h can't be directly reconstructed via its decay 
products, i.e. h decays invisibly. In order to investigate 
H — > hh, we require that the other h must decay into 
bottom quarks, which is the largest visible decay mode 
for our choice of nih- 

As pointed out in the Introduction, the invisible Higgs 
boson has been extensively investigated in literature [111 . 
HH, EH . In this section, we investigate the observability 
of invisible Higgs boson at the LHC, via the process 

PP^gg^H^h(-^b+b-) + h inv , (22) 

where one h decays into bottom quarks and the other 
decays invisibly. As it was known [11| , one of the disad- 
vantages of this bb + f T signal is that bb final states are 
not easy to be reconstructed completely. 

The most important irreducible background arises 
from Zbb production 

pp -> Z(-> vv)bb, (23) 

where Z decays into neutrinos. Moreover QCD multi- 
jet production, such as pp — > Z(—> vv)jj, are also the 
sources of the large backgrounds. In this paper we require 
two b-tagged jets in order to suppress these backgrounds. 
Other backgrounds can arise from ZZ, WZ, Wbb, single 
top and ti production II ll. 

We utilize MadEvent [27| to simulate all backgrounds, 
and apply the basic kinematical cuts as following 



Pt(]i), Pt{]2) > 20GeV, 15GeV (24) 

M < 2 (25) 

AR(jj) > 0.4 (26) 

rrijj > lOGeV, (27) 



where Pt denotes the transverse momentum of jet, rj 
denotes the pseudo-rapidity, and AR = \J (Arj) 2 + (A0) 2 
with <f> the azimuthal angle. 

In the following we discuss how to suppress the back- 
grounds from Wbb, WZ, single top with t — ► bW and 
ti. — ► bWbW. For these backgrounds, the final state 
charge leptons or jets from W escape from the detec- 
tion. We suppress these contributions by vetoing events 
from W decay with follow cuts 

P T (j)>^GeV,\r,(j)\< 2.0 (28) 
P T (? ± ) > WGeV, 1^)1 < 2.5 (29) 

The numerical results after imposing cuts Eqs. [24ll29l 
are shown in Tab. U It is obvious that the dominant 
backgrounds come from the Zbb production. 

The signals and backgrounds for bb + f> T as a function 
of f T are shown in Fig. [5j where we reconstruct P T 
from bb. We can see that the signals peak within the 
40GeV< f T < 80GeV window, while the backgrounds 
are flat. In order to suppress the backgrounds, we impose 
the further cuts as following 

\m j:j - m h \ < 15GeV (30) 
AQGeV <f T < SOGeV. (31) 



Channel 


Zbb 


Zbc 


Zbj 


Zee 


Zej 


Zjj 


a(pb) 


3.250 


0.011 


0.107 


0.001 


0.027 


0.063 


Channel 


ZZ 


W-bb 


W~Z 


tb 


ti 




a(pb) 


0.072 


0.417 


0.032 


0.017 


0.346 





TABLE I: The cross sections (in pb) of backgrounds for 
bb + f T after basic kinematical cuts Eqs. I24II29I and tagging 
efficiencies where j = u, u, d, d, s, s, g. 



It is natural to impose the cut of Eq. [30] because we can 
extract the approximate mass information of Higgs boson 
via other process, for example gg — > h — > 77. 
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FIG. 5: The distributions of the signals and backgrounds for 
bb + f T as a function of f T after applying cuts Eqs l24ll29l and 
tagging efficiencies. 

We show the signals and backgrounds as the function 
of \r)j 1 — rjj 2 \ after imposing all above cuts Eqs. I241I3T1 in 
Fig. El The figure shows that signals decrease quicker 
than that of backgrounds for \rjj 1 — r]j 2 \ < 2, which pro- 
vides a possible way to suppress backgrounds further. We 
require 

\r] h - Vj2 \<1.5, (32) 

and this cut would improve significance of the signals by 
a factor of 1.2, as shown explicitly in Tab. [Til 

From the Fig. [pj we can see that the backgrounds are 
still much larger than those of the signals. The dominant 
backgrounds come from the irreducible Zbb production. 
We would like to explore another additional potentially 
useful methods to reduce the this huge background, sim- 
ilar to the case in Rcf. [l2l ]. 

In order to suppress the largest Zbb background, we 
can utilize the precise measurement of Z{— ► fi + [i~)bb, 
similar to that in Ref. [l2j ■ The reason is that the back- 
grounds Z{— > vD)bb have similar kinematics and distri- 
butions to those of Z{— > fj, + fi~)bb production. We can 
obtain improved (reduced) background Zbb as following 

Zbb,imp „Zbb n _ fQ1\ 
a bkg = a bkg ~ R X Vbbn+H- ■ (M) 



0.01 - 



J2 
CL 
O 



13 



1E-3 r 



1E-4 



I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I 



signal 

- - background 
■ ■ ■ ■ 1 ■ ■ ■ ■ 1 ■ ■ ■ ■ 1 ■ ■ ■ ■ * ■ ■ ' ■ 1 ■ ■ ' ■ hi ■ ■ ■ 1 ■-■ ■ ■ 



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
\ - m 2 > 

FIG. 6: The distributions of the signals and backgrounds for 
bb + f T as a function of \rjj 1 — r/j 2 \ after imposing cuts Eqs. 
I24l31l and tagging efficiencies . 

In Eq. [33J a bbfj,+n- i s the cross section for Z(— > /i + [i~)bb 
production which adopts the same kinematical cuts for 
Z(— > vv)bb. R is a ratio which is defined as 



R = 



Br(Z -> fi+fi-) 



(34) 



Note that all h g tmv » if 



and in our case i? = 5.94 [1_ 

we can measure all final states bbfi + fi~ in any kinematical 
region. 

However we are aware of the difficulties of this method. 
For example, in order to combine two measurements, at 
least we must deal with two different systematics, and 
fully understand the detectors etc. Detail study on this 
method is obviously beyond the scope of this paper, and 
we show here only the rough estimation. 



Cuts 


s(fb) b(fb) S/B S/VB! S/^/B 2 


basic cuts 


26.6 4948 0.0054 1.19 2.07 


\rrijj — rrih\ < 30GeV 


26.6 1133 0.023 2.50 4.32 


\rrijj — rrih\ < 15GeV 


26.6 492 0.054 3.79 6.56 


20 < f T < 120GeV 


25.0 401 0.062 3.94 6.83 


40 < f T < 80GeV 


19.4 202 0.096 4.33 7.49 


\Vjl - Vj 2 1 < 15 


15.2 95 0.16 4.93 8.54 


improved backg 


15.2 18 0.83 11.4 19.8 



TABLE II: The effects on the cross sections of signal (s) and 
background (b), ratio of signal and background events S/B, 
S/VBi and S/VB2, by imposing cuts of Eqs l24l33l step by 
step, are summarized. Here mn = 260 GeV and mj, = 115 
GeV. The significance S/^/Bi is for the luminosity of 10/6 -1 
and S/\f~B 2 is f° r the luminosity of 30/fe -1 . All the numbers 
shown here are after tagging efficiencies. 

All numerical results after imposing cuts step by step 
for Eqs. [2^41331 arc summarized in Tab. [TTJ From Tab. [Til 
we can see that at the LHC, the channel H — > hh — > 66 + 
fj, can provide about 5(7(11(7) significance observation 



with only 10/6 -1 after applying the cuts Eqs. 112411301 and 
suitable f T window, without (with) further suppressing 
the Zbb backgrounds using Eq. [33J In other words, it is 
not difficult to detect H — > hh — ► 66 + mirror particles 
at the LHC. To see this explicitly, we give the luminosity 
(Tab. IIIip which is required to achieve 5(7 observation for 
different mu and to/j. 





m h = lOOGeV 


m h = 115GeV 


m h = 130GeV 


m H = 250 GeV 


8.2(40,80) 


8.3(10,60) 




m H = 300 GeV 


9.0(80,130) 


9.6(60,110) 


17.5(40,80) 


m H = 350 GeV 


5.5(100,150) 


6.6(90,140) 


11.6(80,120) 



TABLE III: The integrated luminosity [in fb^ 1 ], which is re- 
quired to observe H — > hh — * bb + f T with 5ct significance 
at the LHC, for several sets of run and mu- The numbers 
in bracket are mass window of f T . Note the Eq. [33] is not 
applied. 
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In Ref. [24(, the authors studied the general 4b sig- 
nal in extended SUSY models (with p J T > 15 GeV ) at 
Tcvatron. They concluded that for the SM case gg — > h 
has not enough rate, an order of magnitude smaller, for 
the light SM Higgs boson with mass less than 150 GeV. 
However if the signal is sufficiently enhanced, 46 signal 
may be detectable. As we have shown, the hh production 
rate can be greatly enhanced once H — > hh is allowed. 
In this section we use the same strategy to investigate 46 
signals and backgrounds as those in Ref. [24| . 

Most of the backgrounds for gg — * H — > hh — > 46 are 
due to the contributions from large QCD multijct produc- 
tion. We adopt basic kinematical cuts as Eqs. ([M)) ^ (P7)) . 
Moreover we require at least tagging three b-jets to 
reduce the huge backgrounds. The backgrounds drop 
from 0.106m6 to 3.21n6. In order to suppress the back- 
grounds further, we require \mu — m4j\ <20 GeV and 
\mh — m jj \ <15 GeV. 

In Fig. [7] we show the signals and backgrounds as a 
function of invariant mass of four jets. It is obvious that 
the backgrounds are much larger, around three orders of 
the magnitude, than those of the signals. The main rea- 
son is that the gluon-gluon luminosity drops very quickly 
with the increment of the run- 



VI. DISCUSSIONS AND CONCLUSIONS 

The Higgs sector may play an important role in de- 
tecting the mirror particles, which can be the candidates 
of the dark matter and appear as missing energy in the 
detectors at the LHC. In this paper we worked out the 
Higgs boson spectrum and the Higgs couplings for the 
symmetric vacuum, namely V\ = 1)2 = v, in the mirror 
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FIG. 7: The distributions of the signals and backgrounds for 
bbbb as a function of invariant mass for 4b after applying cuts 
(see text) and tagging efficiencies. 

model [HI , and investigated the constraints from electro- 
weak precision observable (EWPO). Our study showed 
that the EWPO has already constrained the Higgs bo- 
son sector severely. We then investigated the Higgs bo- 
son phenomenology, and focused on the scenario that the 
heavier Higgs boson H can decay into a pair of lighter 
Higgs boson h. 

As the generic feature in the mirror model, Higgs bo- 
son can decay invisibly. The invisible Higgs boson can 
be detected via the processes [H, [l]| of qq — ► ZH , weak 
gauge boson fusion VV — > H or gg — * tiH etc. In this 
paper we proposed to study the invisible decay of the 
Higgs boson via pair production of them, in which one 



Higgs boson decays into bottom quarks and the other 
decays invisibly. Our detail simulation for signals and 
backgrounds showed that the observation of signal can 
reach 5cr significance for mj? = 260 GeV and mh = 115 
GeV with 10/£> _1 integratcd luminosity at the LHC. It 
should be emphasized that our conclusion also applies to 
other models in which the Higgs boson pair production 
cross section is O(100) femtobarns and the branching ra- 
tio of invisible decay is sizable. Moreover the possible 
method to further suppress dominant Zbb background 
was discussed. 

We also simulated the signals and backgrounds for 
H — > hh — ► 46 at the LHC. Our results showed that 
it is very difficult to isolate the signals from huge QCD 
continuum backgrounds. 

In the mirror model, the heavier Higgs boson H may 
not decay into a pair of lighter Higgs boson h. For such 
case, it is hard to study the triple Higgs couplings of 
hhH. In fact even H — ► hh is allowed, the other triple 
Higgs couplings such as hhh and HHH are very difficult 
to measure at the LHC. Therefore ILC is the necessary 
next facility of investigating Higgs triple, even quadruple 
couplings. 
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